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Objective: vein graft stenoses <50% cause minimal flow impairment, velocity elevation, or symptomatology and are
therefore usually assumed to be “non-critical”. The purpose of this study was to assess the effect of <50% vein graft
stenosis on vein graft longitudinal impedance, as elevated impedance has been found to correlate with clinical graft failure.
Methods: eight segments of non-reversed cryopreserved vein (mean length 23–1 cm; mean outer diameter 4.7–0.2 mm)
were saline-perfused in vitro utilising a variable pulsatile perfusion pump, Windkessel, and clamp resistor simulating
the haemodynamic conditions of arterial bypass. Proximal (Pprox) and distal (Pdist) pressure were continuously measured
by fluid-filled catheter transduction, and flow (Q) by ultrasonic transit-time flowmetry. Waveforms were digitally recorded
at 200 Hz at pulse rates ranging from 60–180 b.p.m. with mean flow (Q¯) of 154 ml/min and mean proximal pressure
(P¯prox) of 100 mmHg (max/min 120/90). Graded mid-graft stenoses of <50% were created using an inflatable vascular
occluder and measured by the corresponding changes in mean pressure gradient (DP¯=P¯prox-P¯dist) and Q¯ (%stenosis=
1-{DP¯baselineQ¯stenosis/DP¯stenosisQ¯baseline}1/4). Vein graft longitudinal resistance (RL) was calculated as DP¯/Q¯. After Fourier
transformation, vein graft longitudinal impedance (ZL ) was calculated as DP/Q at each harmonic, with /ZL determined
by integration over 0–4 Hz. Results are reported as mean–s.e.m.
Results: the desired levels of pressure and flow were established in all vein segments. Graded inflation of the occluder
resulted in vein graft stenosis of 23–3% and 39–3%. This was accompanied by a mild reduction in Q¯ (12% and 30%)
and considerable increases in both RL (180% and 710%) and /ZL (140% and 430%).
Conclusions: “non-critical” vein graft stenosis (<50%) causes minimal change in mean flow, but substantial elevations
in longitudinal resistance and impedance. The contribution of “non-critical” stenosis to vein graft failure may be under-
appreciated.
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Introduction gradient, or outflow resistance.18 The purpose of this
study was to assess the effect of <50% vein graft
Vein graft failure complicates 20–40% of peripheral stenosis on vein graft haemodynamics including flow
(Q), pressure gradient (DP), longitudinal resistancebypasses after 5 years.1–5 Many graft surveillance pro-
ponents advocate an aggressive approach to high- (RL) and longitudinal impedance (ZL).
grade stenoses >50% to reduce this high rate of graft
failure.4–15 However, vein graft stenoses <50% cause
minimal flow impairment, velocity elevation, or symp-
tomatology and are therefore usually assumed to be Methods
“non-critical”.
Longitudinal impedance (ZL) is a measure of a vein Eight segments of cryopreserved human greater
graft’s resistance to pulsatile flow, and is independent saphenous vein (Cryolife Inc., Marietta, GA, U.S.A.;
of outflow conditions.16–18 In a recent prospective study, mean length 23–1 cm; mean outer diameter
elevated ZL has been found to be a better predictor of 4.7–0.2 mm) were thawed with warmed thawing and
short-term graft patency than any other haemo- dilution solutions using the supplier’s recommended
dynamic parameter including mean flow, pressure technique. Following valvulotomy using a catheter-
directed valvulotome with 3-mm cutting head (GORE
Eze-Sit, W. L. Gore & Associates, Flagstaff, AZ, U.S.A.),
* Please address correspondence to: L. B. Schwartz, University of veins were saline-perfused in vitro utilising a circuitChicago, Section of Vascular Surgery, MC 5028, 5841 S. Maryland
Ave., Chicago, IL 60637, U.S.A. consisting of a variable pulsatile perfusion pump
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(Medical Engineering Consultants, Los Angeles, CA,
U.S.A.), Windkessel chamber, and adjustable tubing
clamp resistor simulating the haemodynamic con-
ditions of arterial bypass.19 Proximal (Pprox) and distal
(Pdist) pressure were continuously measured by fluid-
filled catheter transduction (Hewlett-Packard 78534B;
Palo Alto, CA, U.S.A.), and flow (Q) by ultrasonic
transit-time flowmetry (Transonics Systems Inc.
HT207; Ithaca, NY, U.S.A.). Waveforms were digitally
recorded at 200 Hz at pulse rates ranging from
60–180 b.p.m. with mean flow (Q¯) of 154 ml/min and
mean proximal pressure (P¯prox) of 100 mmHg (max/
min 120/90). A mild stenosis was created by the
application of an inflatable vascular occluder (In-Vivo
Metrics, Healdsburg, CA, U.S.A.) and measurements
were taken. The degree of stenosis was then increased
and further measurements taken. Graded mid-graft
stenoses of <50% were produced and calibrated by
the corresponding changes in mean pressure
gradient (DP¯=P¯prox-P¯dist) and Q¯ (%stenosis=
1-{DP¯baselineQ¯stenosis/DP¯stenosisQ¯baseline}1/4). Vein graft lon-
gitudinal resistance (RL) was calculated as DP¯/Q¯. After
Fourier transformation, vein graft longitudinal im-
pedance (ZL) was calculated as DP/Q at each harmonic, Fig. 1. Comparison of longitudinal impedance (circles), longitudinal
resistance (squares) and mean flow measurements (triangles) acrosswith /ZL determined by integration over 0–4 Hz.
varying degrees of stenosis. Note the heightened sensitivity ofResults are reported as mean–s.e.m.
longitudinal impedance at detecting haemodynamically significant
lesions.
DiscussionResults
In an effort to reduce vein graft failure in infrainguinalAt baseline, the desired levels of pressure and flow
revascularisation, intense investigation has been dir-were established in all vein segments to approximate
ected at the detection and treatment of graft stenosis.intraoperative vein graft ZL.19 Collected haemo- Numerous reports have correlated the finding ofdynamic data are summarised in Table 1. Graded
haemodynamically significant vein graft stenosis withinflation of the occluder resulted in vein graft stenosis
subsequent graft failure.4–15 Milder degrees of stenosis,of 23–3% and 39–3%. This was accompanied by a
however, are usually thought to be of little con-mild reduction in Q¯ (12% and 30%) but considerable
sequence. Progression of these “non-critical” lesionsincreases in both RL (180% and 710%) and /ZL (140% within six months has been documented, however, as
and 430%; Fig. 1). With increasing degree of stenosis, the flow disturbances produced by mild stenoses can
ZL increases across the entire measured frequency clearly promote cellular proliferation.4,14 Furthermore,
spectrum (Fig. 2). even “non-critical” single or tandem stenoses can
theoretically increase the resistive properties of a small
calibre conduit carrying a viscous liquid at a high rate
of flow. The purpose of this study was to quantify theTable 1. Haemodynamic profile.
effects of “non-critical” stenosis on vein graft lon-
% stenosis Q¯ (ml/min) RL /ZL gitudinal resistance (RL) and impedance (ZL).(·103 dyne/s/cm5) (·103 dyne/cm5)
Longitudinal impedance (ZL) is a measurement of a
vein graft’s resistance to pulsatile flow. It provides aBaseline 154–1 7.3–0.3 91–6
23–3 135–3 20.7–3.3 222–45 complete profile of resistance over the entire frequency
39–3 108–4 59.0–10.2 495–88 spectrum, just as input impedance is analogous to
input resistance.16–18,20 Haemodynamic parameters thatQ¯=Mean flow; RL=longitudinal resistance; /ZL=longitudinal im-
pedance integral from 0 to 4 Hz. are routinely used to evaluate vein grafts, such as
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thigh and calf postoperatively; in this graft surveillance
programme, significantly higher graft impedance was
also noted in the presence of a significant graft or
runoff stenosis.21
Considering the parameter of mean flow alone, a
stenosis of >25% of luminal diameter corresponds to
a 10% flow reduction, which would not be considered
haemodynamically significant. However, this same de-
gree of flow reduction results in a 140% increase in
/ZL. In a clinical study of 73 infrainguinal grafts,
the average value for /ZL was 30·103 dyne/cm5.18
Doubling this value to 60·103 dyne/cm5, an increase
of 100%, would place these grafts into the “at risk”
category (>47·103 dyne/cm5). The results at >40%
stenosis accentuate this phenomenon. Flow is reduced
by only 30%, while /ZL is increased more than five-
fold. The intriguing question raised by this study is
whether the increase in vein graft longitudinal im-
pedance caused by minor stenosis translates into a
higher rate of graft failure.
In conclusion, “non-critical” vein graft stenosis
(<50%) causes minimal reduction in mean flow but
significant elevations in longitudinal resistance and
impedance well above previously documented thresh-
olds for long-term graft patency. The contribution of
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“non-critical” stenosis to vein graft failure may be
Fig. 2. Comparison of ZL curves at baseline (circles), across a 23% under-appreciated.stenosis (squares), and across a 43% stenosis (triangles). Note that
ZL across a vein graft stenosis increases over the entire frequency
spectrum.
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